Invertebrates show considerable variation in the enzymatic mechanisms involved in energy release: certain species depend partially or entirely upon anaerobic processes, while other forms require molecular oxygen for survival. The eggs of the sand dollar, an echinoderm, are especially sensitive both to oxygen lack and to inhibition of respiration and cell division by cyanide. Their large size and the rapid morphological and metabolic changes that occur during cleavage make them favorable material for a study of the interrelationship between cellular respiration and development.
DEVEIA3PMENT AND RESPIRATION IN SAND DOLLAR EGG
results are always expressed in terms of a control from the same lot as the experimental samples. In most experiments 90 per cent or more of the eggs were fertilizable.
Sperm was left within the shell until it was needed; a dilute sea water suspension was prepared just before insemination.
The Warburg manometers of about 17 cc. volume, which were used for oxygen uptake measurements, were shaken at sixty cycles per minute in a constant temperature water bath at 20°C. Each flask received 3 co. of 15 per cent egg suspension in sea water, a concentration which permitted maximum respiration. Six-tenths ce. of COrabsorbing solution was placed on two falter papers in the center well. The sea water was left unbuffered, and tests with indicator at the end of the experimental periods showed that there had not been an appreciable change in pH.
In the manometric experiments with cyanide, Ca(CN)rCa(OH)s mixtures were used in the center wells (1) . The effect of cyanide on development was determined TABLE I
A Comparison of Three Methods of Exposing Eckinarachnius Eggs to HCN Gas in Cell Dillon Studies
The three methods were as follows: (1) Ca(CN)rCa(OH)t mixtures in the center wells of manometer flasks; (2) eggs invials in HCN-sea water; (3) a drop of egg suspension in sea water exposed in a covered dish to 30 ce. of HCN-sea water solution. by observing eggs which had been treated in three ways: (1) exposed in the manometer flasks, (2) exposed in HCN-sea water in small stoppered vials, and (3) exposed to HCN gas in a covered dish with a small droplet of egg suspension in contact with the gas from a large volume of HCN-sea water (3) . A comparison of the results obtained by these three techniques is presented in Table I . ~ EXPERIMENTAL RESULTS
(a) Respiration
Ckange in Rate at Fertilization.--The Echinaracknius egg resembles that of the sea urchin in showing an increase in the rate of respiration at the time of x The uniformity in effect of a given concentration of cyanide on cell division, as shown in Table I , is a check of the correctness of the HCN equilibrium between the sea water and the Ca(CN)rCa(OI-I)s center well solutions. Since certain of the listed concentrations axe beyond the limits of the micro test for cyanide used in formulating the balanced center well solutions (4), a biological test of this sort is necessary.
fertilization. The course of oxygen consumption of unfertilized and fertilized eggs is indicated in Fig. 1 , and is quite similar to that found for the Pacific Coast sand dollar, Dendraster excentricus (5) . The oxygen uptake of the unfertilized eggs is usually from one-half to one-fourth that of the fertilized ones.
Cyanide Inhibition of Oxygen Consumption.--Egg respiration is depressed by cyanide, even at low concentrations. As shown in Fig. 2 , there is a significant inhibition of the oxygen consumption of fertilized eggs with a cyanide concentration as low as one-millionth molar. Inhibition of the respiration of unfertihzed and fertilized eggs by a range of HCN concentrations from 10-" to 10 -7 ~ is shown in Fig. 3 . On a percentage basis the unfertilized eggs are apparently somewhat less sensitive than the fertilized ones. Fifty per cent inhibition of the respiration of fertilized eggs occurs at a cyanide concentration of about 10 -~ ~ HCN, indicating that these eggs are of the same order of sensitivity as those of Asterias (unpublished observations), and are somewhat more sensitive than those of the sea urchin (6) . Fig. 4 indicates the course of oxygen consumption when fertilized eggs are shaken in manometers in a marginal concentration of HCN, 10 --e u. The degree of inhibition is consistent for a 10 hour period. by cyanide (7) , but little quantitative work on invertebrate sperm has been reported.
Recovery of Respiration after

(b) Fertilization and Cell Division
Cyanide Treatment of Unfertilized Eggs.raTable II indicates the effect of exposure to cyanide before fertilization. Eggs were exposed to various concentrations of HCN for 7 minutes, washed in sea water for 8 minutes, and then untreated sperm was added. Normal fertilization membranes appeared, even on those eggs that had been exposed to high concentrations of cyanide. Cleavage rate was unaffected by the treatment with 10 -s • HCN, although only one-tenth this concentration was su~cient to prevent all development when the sperm rather than the eggs was similarly exposed (Fig. 6 ). that 30 per cent residual respiration is sufficient to maintain normal activity. Fig. 6 indicates also the relationship of motility to fertilizing capacity. Sperm was left in various HCN-sea water solutions for 5 minutes, and then "small drops of each of the sperm suspensions were added to untreated eggs in large volumes of fresh sea water. After 4 hours the eggs were examined and the extent of development noted. In general there was a dose correlation between the kinetic activity and the developmental potentiality of the sperm, and at a concentration of 10 "~ ~ HCN the treatment became definitely irreversible. Although exposure of the sperm to a concentration of HCN just sufficient to arrest motility permitted normal fertilization, this may have resulted from dilution of the cyanide and recovery of activity when the sperm was added to the fresh sea water containing the eggs. Mammalian sperm exposed to 10 -s ~ HCN showed complete reversibility (7). Effect of Cyanide on CIea~age~--Cleavage provides an easily observable index of developmental metabolism that is useful in correlating respiratory and morphogenetlc processes. Dependence of cell division upon respiration varies greatly with different species; E,c, kinarachnias is particularly sensitive to both oxygen lack and HCN interference with enzyme function. Fig. 7 shows the critical range of cyanide concentrations which is effective in retarding or suppressing cleavage. 10 -'6 M HCN depresses the rate about 50 per cent, and at ten times this concentration the oxygen consumption is reduced to a minimal level and development is completely arrested. Cell division in the sand dollar is thus somewhat more sensitive to inhibition by HCN than is the process in Arbacia (6) .
At a marginally effective concentration of 10 -e ~t HCN there is extreme individual variation in the response of the exposed eggs. The oxygen consumption of control and treated samples is shown in Fig. 4 . After 5 hours of shaking in the manometer flasks the control eggs had developed almost uniformly to the 128 cell stage, but those in cyanide were quite irregularly retarded. Some of the eggs had undergone no division while others were almost as far along as the controls. At l0 hours the situation was similar: the controls were nearly all at the blastula stage and those in cyanide varied from one cell to early blastula. The situation is somewhat similar to that observed by Tyler (8) at temperatures low enough to interfere with cytoplasmic division but which still permitted nuclear division to proceed. He found considerable variation in the response of individual eggs to the low temperature: although some showed complete inhibition, others divided at an easily measurable rate. Table I . The shaded curve represents the oxygen consumption as shown in Fig. 3 .
The division of the cell is quickly interrupted by 10 -2 ~t cyanide (Fig. 11 d) . Eggs that were placed in this concentration a few minutes before the start of the actual division were most of them still undivided 5 hours later. A few had attempted to separate and remained fixed in a dumbbell shape with incomplete separation of the two blastomeres. A similar treatment with 10 -~ x~ HCN resulted in incomplete arrest of cell division, but the eggs were capable of dividing only a few times in a very irregular fashion. An example of the incomplete division which was frequently seen is shown in Fig. 11 c. (c) Cytolysis Echinarachnius eggs display a peculiar breakdown of cellular organization under certain conditions of cyanide exposure, and the apparent relationship of this behavior to the rate of oxygen uptake and the stage of development suggests that a metabolic factor of some significance may be involved.
Appearance of Cytolyzed Eggs~Two hours or so after fertilized eggs are placed in a 10 -q M HCN solution the plasma membrane becomes covered with tiny irregularities which slowly increase in size until the membrane is covered with transparent blebs. This is shown in Fig. 11 a and b. A similar "blister" or "pseudopodia" formation was observed by Runnstr6m (9) on sea urchin eggs that were left in N/5000 KCN for 4 hours. The process seems to involve a separation of the membrane and an extrusion of clear fluid into the outpocketings that are formed. The change is not confined to the surface since the interior of the egg is also broken up into round globules. The size of the droplets and the extent of the cytolysis vary with conditions, but no cell which shows droplet formation appears to proceed further in morphological development.
Variation with Cyanide Concenlraion.-- Fig. 8 indicates the relationship between the incidence of cytolysis and the concentration of the cyanide solution. 10 -2 M HCN stops all morphological change quickly, and preserves the eggs in such a way that they retain their original appearance for hours. But reducing the concentration only slightly brings about cytolysis of some of the eggs, and in the range including 2.2 X 10 -3 x~ to 4.6 X 10-~ M all of the eggs are completely broken down to the droplet form. Below this range fertilized eggs are considerably more sensitive than those that have not been fertilized: the marginal effective concentration of HCN for the fertilized eggs is only one-tenth of that for the unfertilized ones.
Change in Sensitz~oity with De~elopment.mThere is a marked increase in sensitivity to cytolysis by cyanide as the egg develops. The most resistant eggs were the immature germinal vesicle forms that were occasionally found. Irrespective of the concentration or length of exposure they did not show droplet formation. Unfertilized eggs may remain in 10 -s M HCN solution for a long time with no alteration in either their appearance or their capacity for development. After fertilization the sensitivity increases gradually. As shown in Fig. 9 , eggs placed in 10 -5 M cyanide at 14 minutes after fertilization were not cytolyzed 5 hours later, but there was a progressively increasing amount of breakdown if a longer period of normal development was allowed before exposure to cyanide was started. Fig. 10 demonstrates again the increase in sensitivity to cytolysis that accompanies development. Eggs atthe 64 cell stage at the time of treatment were completely cytolyzed when they were examined 20 hours after a 30 minute exposure to 10 -4 M HCN. A similar 30 minute exposure of 1 cell eggs permitted development only to the 2 cell stage or slightly beyond but did not produce any cell breakdown.
Resumption of development by fertiUzed eggs after removal from low concent.rations of HCN may lead to cytolysis, whereas continuous exposure preserves the eggs intact. For example, in an experiment in which eggs were placed in 10 -5 ~r HCN 5 minutes after fertilization and washed 1 hour later, half were cytolyzed 4 hours later and all were broken down at 7 hours. Those which were in the cyanide continuously remained unchanged. Only onethird of the eggs which were removed from the cyanide had been able to complete the first cleavage division at the time that the controls had progressed to the 32 cell stage. In contrast to this, unfertilized eggs exposed to this concentration retained normal developmental capacities.
Cytolysis by Heat.---Ohman (10) observed droplet formation on the outer surface of sea urchin eggs that were exposed to 35 to 45°C. temperatures. An experiment with sand dollar eggs showed that heat was a relatively ineffective way of producing the cytolysis in this form. Both unfertilized eggs and eggs 15 to 20 minutes after fertilization were heated for 5 minute periods at various temperatures from 30 to 50°C. and the subsequent appearance noted. After treatment at the lower temperature the fertilized eggs developed normally, but raising the exposure temperature to 34°C. resulted in complete cessation of development (sea urchin eggs respond similarly (10, 11)). After treatment at 50°C. the fertilized eggs showed a few small droplets at the plasma membrane and although these gradually enlarged they did not become as extensive as those produced by cyanide treatment. The unfertilized eggs showed no change as a result of the heat treatment. Fig. 11 shows photomicrographs of eggs cytolyzed by cyanide.
(d) Lethal Dosage
Inhibition of respiration and cell division in the sand dollar egg by cyanide is in itself no evidence of irreversible change, since, as has been shown above, these processes may be resumed again when the cyanide is removed. To determine the lethal dosage it is necessary to observe either the disintegration of the eggs in cyanide or to note the lack of recovery after the HCN has been
TABLE III
Reversibility of a 1 Hour Exposure of Fertilized Eggs to Various Concentrations of HCN
Eggs were placed in cyanide one-half hour after fertilization. Table III shows the results of an experiment on fertilized eggs with cyanide concentrations of 10 -2 to 10 -6 ~, and an exposure period of 1 hour. The second column lists the inhibition of oxygen consumption observed for these concentrations (from Fig. 3 ). It is evident that only the lowest concentration used permits normal growth after this treatment period, but a much higher level of HCN is necessary to prevent all development. Table IV presents the results of an experiment in which fertilized eggs were left for various times in a marginally effective concentration of cyanide, 2.2 X l0 -~ ~r, and the subsequent development observed. After exposures of 6 hours or less some of the eggs were able to resume development, but if the exposure was longer the treatment was irreversible.
Duration of Exposure.--
This sensitivity contrasts sharply with the behavior of Arbacia eggs, which develop after 24 hours in cyanide of almost one-thousand times this concentration (12).
Stage of Development.--The stage of development of the egg is an important factor in the determination of the reversibility of the cyanide effect. The unfertilized egg can tolerate for several hours a concentration of HCN that completely disrupts the organization of the fertilized egg. The fertilized egg in turn is much less affected during the early stages of the first cleavage division than at a more advanced stage (Fig. 9) . In Fig. 10 the development of eggs treated with 10 -4 M HCN at the 1 and 64 cell stages is compared. The advanced group is considerably more sensitive than the 1 cell eggs. 
-~-4 6 9
S~ imming prism larvae About ~ swimming prism larvae, the rest retarded A few swimming gastrulae None developing, all eggs cytolyzed
(e) Oxygen Lack
Cyanide presumably acts by depriving the cells of oxidative energy through suppression of iron catalysis. Direct oxygen lack probably produces the same end results. Experiments at various oxygen tensions were not performed because pure gases for mixtures were not readily available. However, observations on eggs that were crowded may show something of the effects of partially anaerobic conditions. When fertilized eggs were allowed to stand in sea water with more than several layers of eggs on the bottom of the dish, development was irregular. Some eggs would proceed at the normal rate while others would not divide at all. Since the eggs are large and respire actively this was very likely due to the local removal of oxygen from the water. (A much more concentrated suspension aerated by shaking in the manometer flasks showed normal development.) Only those eggs at the surface could obtain enough oxygen to undergo cleavage at the same rate as control eggs that were spread thinly on the bottom surface.
If eggs were piled up in a vial of sea water to form a layer 1 cm. deep, only those at the surface developed. The lower layers showed neither development or cytolysis for 2 days. A sample of eggs removed from the center of the mass after 1 day and placed in a large volume of sea water cytolyzed completely within a few hours. Possibly the cytolytic breakdown itself is dependent on an oxidative process, and either complete lack of oxygen or a high concentration of cyanide (10 -* ~) blocks it for this reason.
DISCUSSION
The preceeding experimental data show the dependence of the JF~hinara~k-nius egg on aerobic metabolism for both cleavage and maintenance. Tim close correlation between the HCN concentration curves for inhibition of respiration and of cell division demonstrates the former point, and the observations on cytolysis and lethal dosage are evidence of the latter.
It is possible to classify marine eggs according to their respiratory requirements into three groups: (1) those that require respiratory energy for both • maintenance and development; (2) those that will survive prolonged periods of anoxia but must respire in order to carry on cell division; and (3) those that can both live and develop under relatively anaerobic conditions. Echinarachnius is an excellent example of group one, Arbac~ of group two, a~d Fundulus of the third group. As might be expected the sensitivity of these eggs to cyanide parallels their response to oxygen lack; the sand dollar is killed by short exposures to concentrations of cyanide that inhibit oxygen consumption; development of Arbac~ is prevented when the oxygen uptake is lowered by cyanide, but the eggs will survive prolonged respiratory depression with little loss in developmental capacities; the Fundulus egg which is heavy and sinks into the bottom mud during its development will show normal cleavage in cyanide solutions of high concentration.
The maintenance of normal cellular structure and the operation of such functional processes as cleavage call for a certain output of energy. If respiratory energy release is blocked by cyanide the cell requires another source of energy for survival. In the Arbacia egg this need may be met by a glycolytic mechanism, since it has been shown that lactic acid is produced during cyanide exposure (13) . The inability of Echinarachnius to survive HCN inhibition of respiration suggests an almost complete dependence upon an aerobic energy system.
Variation in the sensitivity of the eggs to cyanide at different stages of development is possibly a reflection of different maintenance energy requirements. Unfertilized eggs in a "resting" state may maintain normal structure and developmental potentialities at a level of energy release which is grossly inadequate to support actively developing individuals.
SUMMARY
Cyanide is a valuable tool for studying respiratory mechanisms and their rSle in embryonic development: it is relatively specific in its action, penetrates cell membranes readily, is active in low concentration, and may be controlled quantitatively (page 217).
Echinarachnius is extremely sensitive to cyanide and the oxygen consumption of both eggs and of sperm is almost completely inhibited by 10 --5 ~ HCBI (pages 219 and 221). Cell division is likewise arrested by the same concentration (page 223).
One of the pronounced effects of an irreversible dosage of cyanide is the marked cytolysis or breakdown of the egg, both internally and at the cell membrane. This cytolysis appears to be related to the state of metabolism, and its occurrence varies with both the respiratory and developmental activity of the cell (page 224).
The lethal dosage of cyanide varies with the state of development of the egg: the unfertilized egg is less susceptible than the fertilized one, and the susceptibility increases as the development of the fertilized egg proceeds (page 228).
The Echinarachnius egg differs from that of Arbacia in respiratory behavior chiefly in its inability to survive prolonged anoxia: the sea urchin egg will tolerate for 24 hours a concentration of cyanide that kills the sand dollar eggs in 30 minutes (page 229).
The Echinarachnius egg is apparently completely dependent upon cyanidesensitive catalytic systems for its normal functioning and maintenance. Interference with this aerobic energy release mechanism results in irreversible damage to the egg (page 231).
